Objective: Fasting insulin concentrations are often used as a surrogate measure of insulin resistance. We investigated the relative contributions of fasting insulin and insulin resistance to cardiometabolic risk and preclinical atherosclerosis. Design and methods: The Relationship between Insulin Sensitivity and Cardiovascular disease (RISC) cohort consists of 1326 European non-diabetic, overall healthy men and women aged 30-60 years. We performed standard oral glucose tolerance tests and hyperinsulinemic euglycemic clamps. As a general measure of cardiovascular risk, we assessed the prevalence of the metabolic syndrome in 1177 participants. Carotid artery intima media thickness (IMT) was measured by ultrasound to assess preclinical atherosclerosis. Results: Fasting insulin was correlated with all elements of the metabolic syndrome. Insulin sensitivity (M/I) was correlated with most elements. The odds ratio for the metabolic syndrome of those in the highest quartile of fasting insulin compared with those in the lower quartiles was 5.4 (95% confidence interval (CI) 2.8-10.3, adjusted for insulin sensitivity) in men and 5.1 (2.6-9.9) in women. The odds ratio for metabolic syndrome of those with insulin sensitivity in the lowest quartile of the cohort compared with those in the higher quartiles was 2.4 (95% CI 1.3-4.7, adjusted for fasting insulin) in men and 1.6 (0.8-3.1) in women. Carotid IMT was only statistically significantly associated with fasting insulin in both men and women. Conclusions: Fasting insulin, a simple and practical measure, may be a stronger and independent contributor to cardiometabolic risk and atherosclerosis in a healthy population than hyperinsulinemic euglycemic clamp-derived insulin sensitivity.
Introduction
The gold standard technique to assess insulin sensitivity, the hyperinsulinemic euglycemic clamp, is time consuming, expensive, and stressful for the participant. Therefore, fasting insulin concentrations and measures derived from fasting insulin are often used as a surrogate method to measure insulin resistance (1) (2) (3) (4) . However, results of a number of studies have suggested that fasting hyperinsulinemia may cause cardiometabolic disease in itself, apart from insulin resistance. Results from a prospective study of 319 Pima Indians followed for 6 years showed that a high fasting insulin concentration was a significant predictor for the development of diabetes, independently of insulin sensitivity as measured by a hyperinsulinemic euglycemic clamp (5) . A study that used an intravenous glucose tolerance test (IVGTT) to measure insulin sensitivity found that both insulin sensitivity and fasting and 2-h insulin concentrations were independently associated with the metabolic syndrome (6) . Insulin sensitivity (by IVGTT) and fasting insulin were also found to be independently associated with atherosclerosis, as measured by the intima media thickness (IMT) of the carotid artery, in the IRAS study (7) . A recent publication of the Relationship between Insulin Sensitivity and Cardiovascular disease (RISC) study group has shown that insulin sensitivity as measured by the hyperinsulinemic euglycemic clamp, obesity, central fat accumulation, and insulin response to an oral glucose tolerance test (OGTT) were all independent contributors to the clustering of cardiometabolic risk factors (8) .
The relative contribution of fasting hyperinsulinemia and insulin sensitivity as measured by the hyperinsulinemic euglycemic clamp has never been assessed in a western population. In the RISC cohort, both fasting insulin and insulin sensitivity as measured from a hyperinsulinemic euglycemic clamp method were assessed in a very large healthy European population (9) . In the present paper, we aimed to entangle the effects of fasting hyperinsulinemia and clamp-derived insulin sensitivity on cardiometabolic risk. We quantified cardiometabolic risk by assessment of the presence of the metabolic syndrome and by assessment of carotid IMT, a marker of preclinical atherosclerosis.
Subjects and methods

Selection procedures
The RISC cohort consists of clinically healthy men and women aged between 30 and 60 years. Cohort members were recruited by 19 research centers in 14 European countries. Detailed information on inclusion can be found elsewhere (9) . The local Medical Ethics committee of each participating research center approved the study. All participants received oral and written explanations of the measurements and gave written informed consent. A total of 1538 persons participated, of whom 32 dropped out during the study and 180 were excluded following the basal clinical measurements. Of the remaining 1326 participants, 1177 had complete data on fasting insulin, M/I, and all characteristics of the metabolic syndrome. Forty-four percent were men and the mean age was 43.8 (G8.3) years.
Measurements: basal
We measured height on a clinic stadiometer, weight and fat-free mass with the TANITA bioimpedance balance (Tanita International Division, UK), and waist circumference with a tape measure. Blood pressure was taken as the median of three measures performed in a sitting position by an automatic blood pressure measuring device (OMRON 705 cp, OMRON Healthcare Europe, Hoofddorp, The Netherlands). Fasting blood samples were taken to assess lipids. We performed a six-point 75 g OGTT including measurements of fasting and 2-h glucose and insulin concentrations. Glucose was measured by the Glucose Oxidase Technique (Cobas Integra, Roche). Insulin was measured by a specific time-resolved fluoroimmunoassay (AutoDELFIA Insulin kit, Wallac Oy, Turku, Finland). Assay characteristics were as follows: intra-assay variation 1.7% and interassay variation 3.5%. A lifestyle and medical history questionnaire was used to collect information on socioeconomic status, personal medical history, and family history of diabetes in first-degree relatives, as well as information on smoking and alcohol drinking habits, physical activity, and use of medication.
Measurements: insulin sensitivity
Insulin sensitivity was estimated using the hyperinsulinemic euglycemic clamp, which was performed after the exclusion criteria and local assay results had been determined. The target plasma glucose concentration during the clamp was between 4.5 and 5.5 mmol/l. Insulin was infused at a rate of 240 pmol/min per m 2 . To ensure plasma glucose remained within 0.8 mmol/l (G15%) of the target glucose concentration, it was measured at 5-to 10-min intervals. The M value was averaged over the final 40 min of the 2-h clamp and normalized by the fat-free mass. Insulin sensitivity was expressed as the ratio of the M value to the mean plasma insulin concentrations measured during the final 40 min of the clamp (M/I) (10).
Measurements: carotid IMT
We followed a validated scanning and reading protocol for ultrasound measurement of carotid artery IMT (11, 12) . Longitudinal B-mode images of the distal left and right common carotid artery, carotid bulb, and the origin of internal carotid artery were obtained in each center by trained and certified technicians using highresolution ultrasound scanners (all with 7-5 to 10.0 MHz linear-array transducer). The whole imaging procedure was recorded on S-VHS tape. Images were evaluated in a centralized reading center by a single reader (M K) blinded to clinical data and using a highresolution video recorder (Panasonic AG-MD830) coupled with the computer-driven image analysis system. For the purpose of this study, digitized enddiastolic frames of the left and right common carotid arteries were selected. Near-and far-wall IMT was measured manually w1 cm before the flow divider in five measurement points, and the mean value was calculated for each wall. The IMT value used in the analyses was computed as an average of all carotid walls available (up to four walls). Intra-observer variability of IMT measures was tested in 100 randomly chosen scans calculating the average percent difference between the first and second readings relative to the first reading. The mean difference was 4.6G3.0%.
Definition of the metabolic syndrome
We used the National Cholesterol Education Panel (NCEP) definition, with the 2005 revised threshold for fasting glucose, to diagnose the metabolic syndrome (13, 14) . According to this definition, metabolic syndrome is present when three or more of the following characteristics apply: fasting glucose concentration R5.6 mmol/l, waist circumference O102 cm in men and O88 cm in women, blood pressure R130/85 mmHg, triglyceride concentration R1.7 mmol/l, high density lipoprotein (HDL) cholesterol !1.03 mmol/l in men and !1.29 mmol/l in women. This definition does not rely on the presence of insulin resistance, as some other definitions of the metabolic syndrome do.
Statistical methods
We calculated fat mass as the difference between body weight and fat-free mass. The average insulin response during the OGTT was calculated by the trapezoid rule ((15!ins 0 minC30!ins 30 minC45!ins 60 min C30!ins 120 min)/120). Variables with skewed distributions are represented by medians and interquartile ranges, and were log-transformed when used in a linear regression analysis. We split the cohort according to quartiles of fasting insulin concentrations and M/I values. We calculated sex-specific quartiles because mean fasting insulin concentrations were lower in women than men (9.8%, P!0.01) and M/I values were higher in women than men (23.1%, P!0.01). Also, there was evidence for an interaction between sex and fasting insulin on carotid IMT (P!0.01). We used linear and logistic regression analysis to analyze possible differences between the sex-specific fasting insulin and M/I quartiles on general, lifestyle, and clinical characteristics. Spearman's r was applied to quantify the relationships between several cardiometabolic risk factors, fasting insulin concentrations, and M/I. We used logistic regression analysis to calculate odds ratios for the relationship of sex, age, and lifestyle variables, fasting insulin, and M/I with the prevalence of the metabolic syndrome and its components. To be able to compare the effects of fasting insulin and M/I on the prevalence of the metabolic syndrome and its components, we calculated odds ratios between the lower and higher quartiles and made 2!2 tables. Odds ratios were adjusted for M/I when investigating fasting insulin and for fasting insulin when investigating M/I. To analyze the associations between carotid IMT and fasting insulin and M/I, we log-transformed IMT values and used it as the dependent variable in a linear regression analysis. To test for a possible interaction between fasting insulin and M/I on the prevalence of the metabolic syndrome and carotid IMT, we added the interaction term ins 0!M/I to the regression analyses. Possible multi-collinearity between fasting insulin and M/I was studied by the examination of the tolerance statistic; when the tolerance statistic was !0.1, the regression model was considered to be disturbed by multi-collinearity. In all models, we adjusted for (sex), age, and study center. The IMT models were additionally adjusted for the classical risk factors smoking, systolic blood pressure (SBP), and HDL cholesterol. We considered differences to be statistically significant if P values were !0.05.
Results
Associations between cardiometabolic risk factors, fasting insulin, and M/I Table 1 shows means or medians of cardiometabolic risk factors for participants in the highest sex-specific quartile of fasting insulin concentrations versus participants in the three lower quartiles. Table 2 shows the same for participants in the lowest sex-specific quartile of M/I versus the three higher quartiles. Table 3 shows Spearman's r correlations between fasting insulin, M/I, and the cardiometabolic risk factors incorporated in the metabolic syndrome. Fasting insulin concentrations in men as well as women were significantly correlated with all elements of the metabolic syndrome. M/I was significantly correlated with most elements, but not with fasting glucose concentrations in either men or women or with SBP in men. The correlation between fasting insulin concentrations and M/I in men was K0.54 (P!0.01) and in women it was K0.44 (P!0.01). The correlation between fasting insulin and average OGTT insulin response was 0.67 (P!0.01) in men and 0.61 (P!0.01) in women; the correlation between M/I and average insulin response in men was K0.653 (P!0.01) and in women was K0.52 (P!0.01).
The metabolic syndrome
The prevalence of the metabolic syndrome in the RISC cohort was 10.0%. Men more often had the metabolic syndrome than women (12.1 vs 8.4%, P for difference Z0.02). Age was significantly associated with the metabolic syndrome, with an odds ratio of 1.4 (95% confidence interval (CI) 1.1-1.8) per 10 years of age. Smoking was also significantly associated with the metabolic syndrome. Per 10 g tobacco intake per day (about eight cigarettes), the odds ratio for having the metabolic syndrome was 1.2 (1.0-1.4). Although there seemed to be some differences in the prevalence of the metabolic syndrome between study centers (range: 0.0-19.3%), study center was not a statistically significant confounder (PZ0.38).
Associations between metabolic syndrome, fasting insulin, and M/I Table 4 shows the prevalence of the metabolic syndrome according to high or low quartiles of fasting insulin and M/I. In both men and women, the prevalence of metabolic syndrome was the lowest when being in the lower fasting insulin quartile and higher M/I quartiles; higher when being in the lower fasting insulin quartile and the lowest M/I quartile; even higher when in the highest fasting insulin quartile and higher M/I quartiles; and the highest when in the highest fasting insulin quartile and the lowest M/I quartile.
The table seems to show that effects are additive and possibly synergistic.
The regression models showed that fasting insulin and insulin sensitivity, as measured by M/I, were both strongly and independently associated with the metabolic syndrome in men as well as women. When combining both variables in one logistic regression model, the odds ratio for having the syndrome was 1.9 (95% CI 1.4-2.5) per 1 S.D. increase in fasting insulin in men and 2.3 (1.8-3.1) in women; 1.8 (1.1-3.0) per 1 S.D. decrease in M/I in men and 1.7 (1.1-2.6) in women. There was some evidence for a synergistic effect: the interaction term fasting insulin!M/I just reached statistical significance in men but not in women. Per 1 S.D. increase in the interaction term, the odds ratio for having the metabolic syndrome was 2.2 (1.0-4.8).
When combining M/I and average OGTT insulin response in one model, the odds ratio for the metabolic syndrome was 1.4 (1.1-1.9) per 1 S.D. increase in insulin response in men and 1.6 (1.2-2.1) in women; 2.4 (1.6-3.3) per 1 S.D. decrease in M/I in men and 2.1 (1.3-3.4) in women. There was no evidence for multicollinearity in these regression models. Table 5 shows odds ratios for having a characteristic of the metabolic syndrome or having the metabolic syndrome itself according to low or high quartile of fasting insulin (adjusted for M/I) and M/I (adjusted for fasting insulin). Among male participants in the highest 25% fasting insulin concentrations of the cohort, the odds ratio for the metabolic syndrome was 5.4 (95% CI 2.8-10.3; adjusted for M/I) in comparison with the 75% of participants with lower fasting insulin concentrations; among female participants, the odds ratio was 5.1 (2.6-9.9). The odds ratio for the metabolic syndrome of men in the lowest quartile of M/I compared with men in the higher quartiles was 2.4 (95% CI 1.3-4.7; adjusted for fasting insulin); in women it was 1.6 (0.8-3.1).
Associations between carotid IMT, fasting insulin, and M/I Carotid IMT was significantly correlated with the traditional risk factors smoking (rZ0.05, PZ0.05), SBP (rZ0.30, P!0.01), and HDL cholesterol (rZK0.12, P!0.01). No evidence for an interaction between fasting insulin and M/I on carotid IMT was found. Additional adjustment for smoking, SBP, and HDL cholesterol did not largely change the association between fasting insulin and IMT in men (BZ0.015 (0.003-0.027)), but the association between fasting insulin and IMT in women became statistically nonsignificant (0.005 (K0.005 to 0.015)). There was no evidence for multi-collinearity in the regression model.
Discussion
We have measured fasting insulin and insulin sensitivity by the hyperinsulinemic euglycemic clamp at the same time in a large healthy population. Results showed that fasting insulin is more strongly associated with cardiometabolic risk and preclinical atherosclerosis than clamp-derived insulin sensitivity.
We found that men more often had the metabolic syndrome than women. This result coincides with the findings of several other studies that assessed the prevalence of the metabolic syndrome in European populations (15) (16) (17) . Although mean fasting insulin concentrations were higher in men and mean M/I was higher in women, fasting insulin seemed to be a stronger contributor to the cardiometabolic risk profile than insulin sensitivity in both men and women.
Our group has recently shown that the average insulin response during OGTT contributed to the cardiovascular risk profile, independently from clampderived insulin sensitivity and waist girth (8) . In the 122 (11) 124 (10) 112 (12) 117 (13) www.eje-online.org present study, the correlation between fasting insulin and insulin OGTT response was high, but both seem to reflect different entities. The correlation between M/I and average OGTT insulin response was higher than that between M/I and fasting insulin, suggesting that insulin response is more strongly associated with insulin sensitivity than fasting insulin. While fasting insulin has been used as a surrogate measure for insulin sensitivity in numerous studies, the present study not only suggests that fasting insulin plays an important, independent role in cardiometabolic risk, but also that its role may even be larger than that of insulin sensitivity, at least in an overall healthy population. We found that unlike insulin sensitivity, fasting insulin was significantly related to all elements of the metabolic syndrome and that fasting insulin had stronger associations with the metabolic syndrome and with carotid IMT, a measure of systemic atherosclerosis, than insulin sensitivity. Our results are in line with the results of the previously mentioned prospective study in Pima Indians and prospective studies in middle-aged white men, which showed that fasting insulin was an independent predictor of type 2 diabetes (5, 18, 19) . We also showed that fasting insulin was independently associated with carotid IMT, as was found in the IRAS study (7) . The main strength of our study is that the results, in contrast to the above-mentioned studies, are from a cohort of healthy men and women between the ages of 30 and 60 in which we measured not only fasting insulin but also insulin sensitivity by the gold standard method, the hyperinsulinemic euglycemic clamp.
Fasting plasma insulin is the primary regulator of hepatic glucose output, which is the primary determinant of fasting glucose production. Results of a multinational study using the hyperglycemic clamp suggested that impaired fasting glucose reflects liver insulin resistance, while people with impaired glucose tolerance mainly have peripheral insulin resistance (20) . In mice, knockout of the insulin receptor in the liver led to fasting and fed hyperglycemia, hyperinsulinemia, and consequently insulin resistance in peripheral tissues (21) . These data suggest that fasting hyperinsulinemia and insulin resistance have a different underlying pathology and different consequences.
Long-term pathological consequences of fasting hyperinsulinemia could be diverse. The study in Pima Indians suggested that the independent effect of fasting hyperinsulinemia on the development of type 2 diabetes is mediated by the detrimental effects on early phase insulin secretion (5) . The authors proposed that this is possibly caused by downregulation of insulin receptors in the pancreatic B cells. Chronic hyperinsulinemia can have several consequences. It has been suggested to lead to autonomic dysfunction, which subsequently leads to the development of type 2 diabetes and cardiovascular disease (22) . A rat model in which chronic hyperinsulinemia was induced showed that the chronic high levels of insulin caused tachycardia and arterial baroreflex abnormalities independent of insulin resistance (23) . Chronic hyperinsulinemia has also been proposed to promote coagulation and inflammation, which have recently been implicated in the development of the cardiometabolic syndrome (24, 25) . A selective state of 24 h of hyperinsulinemia created in healthy volunteers produced elevated levels of several prothrombotic factors, monocyte tissue factor expression, and platelet CD40 ligand, indicative of a prothrombotic, proinflammatory, and proatherogenic state. Having measured insulin sensitivity by the hyperinsulinemic euglycemic clamp in a general population is no doubt the biggest asset of this study. A limitation is that our study is of cross-sectional nature. Although we showed that fasting insulin concentrations and insulin resistance, as measured by clamp-derived insulin sensitivity, are independently associated with the metabolic syndrome and carotid IMT, we can draw no conclusions on their relative causal roles in the pathophysiology of the syndrome and atherosclerosis. However, the fact that some participants with high fasting insulin levels have metabolic risk factors without being insulin resistant suggests independent pathogenic effects of both fasting insulin and insulin resistance. Another limitation is that although the hyperinsulinemic euglycemic clamp has a better reproducibility than all other methods used to measure insulin sensitivity, the intraindividual variability of the M/I ratio is estimated to range from 6 to 15% for the method we used (26) (27) (28) . Also, variability within a person for the measurement of fasting insulin can be 22% (29) . Intra-individual variation tends to attenuate associations, so in our study associations between fasting insulin and cardiometabolic risk will suffer more from underestimation than associations between M/I and cardiometabolic risk. Although within person variability constitutes a limitation, we do not think it affects the direction of our conclusion.
Insulin resistance is believed to be one of the most important underlying factors of the cardiometabolic risk profile. Because measuring insulin sensitivity by the gold standard technique, the hyperinsulinemic euglycemic clamp, is very time consuming and expensive, fasting insulin is often used as a surrogate measure. We have now shown that doing so can lead to wrong conclusions; in a very large, healthy population, fasting hyperinsulinemia was an independent and even stronger contributor to cardiometabolic risk and atherosclerosis than insulin resistance as measured by hyperinsulinemic euglycemic clamp.
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